ABSTRACT Three species of Ceratitis MacLeay are of economic importance in southern Africa. To learn more about the inßuence of temperature on the development of these species, the developmental rates of South African populations of Ceratitis (Ceratitis) capitata (Wiedemann), C. (Pterandrus) rosa Karsch, and C. (Ceratalaspis) cosyra (Walker) were compared at constant temperatures of 14, 18, 22, 26, and 30ЊC. The duration of each life stage and the percentage survival of the immature life stages of each species were determined. One linear and three nonlinear developmental rate models (Brié re, Lactin, and Logan-6) were found to Þt the data well and were used to generate the minimum, optimum, and maximum developmental thresholds, in addition to the life cycle thermal constants for the three species. These parameter values were 9.6, 28.5, 33.0, and 338 for C. capitata, 9.7, 28.8, 33.2, and 376 for C. cosyra, and 8.6, 27.7, 33.0, and 429 for C. rosa, respectively. The parameters for C. capitata are similar to those found by other researchers for this species in Reunion but the parameters for C. rosa differ substantially from published values for a Reunion population of this species, suggesting that these are different biotypes. The similarities between the developmental parameters for C. capitata and C. cosyra do not support known differences in the distribution of these species so other limiting factors such as relative humidity and the availability of host species may be important. This Þnding therefore cautions against basing predictions of potential global distributions of species solely on life table or climatic parameter values.
Three tephritid species are currently of economic importance as pests in southern Africa; these are the Mediterranean fruit ßy Ceratitis (Ceratitis) capitata (Wiedemann), the Natal fruit ßy Ceratitis (Pterandrus) rosa Karsch, and the Marula fruit ßy Ceratitis (Ceratalaspis) cosyra (Walker). C. capitata is the most widespread of these and can be found throughout southern Africa at any time of the year on different host plants (Hancock 1989) . It is a serious pest of both deciduous and subtropical fruit, including Citrus spp. and mango, Mangifera indica L., and also uses many noncommercial fruits (White and Elson-Harris 1992) . C. rosa is the next most economically important fruit ßy and has a host range that is almost as broad as that of C. capitata (White and Elson-Harris 1992) , but its distribution and abundance are temporally and spatially more limited. It is most abundant during the wet summer months in the eastern and subtropical regions of South Africa and Zimbabwe (Hancock 1989) and is seldom found in the cold Cape provinces of South Africa during winter. C. cosyra is of less economic importance than the other two species, although it does infest mango and guava, Psidium guajava L. (White and Elson-Harris 1992, Grové 2001) . It is a tropical species and its distribution in southern Africa is limited to the subtropical regions where the marula tree, Sclerocarya birrea (A. Rich.) Hochst. subsp. caffra (Sond.), is a common host (Grové 2001, Ekesi and . Hancock (1984) placed the three Ceratitis species mentioned above into separate subgenera, but apart from C. cosyra males not being attracted to trimedlure, whereas males of the other two species are (Hancock 1987) , the behavior of these ßies is similar. However, molecular studies by Douglas and Haymer (2001) indicated that C. rosa from South Africa was distinct from the Kenyan C. rosa, and they referred to them as different strains. Barr et al. (2006) also found molecular differences between some specimens of C. rosa from Kenya having an ITS-1 amplicon of 1,400 bp and other specimens from Kenya, Malawi, South Africa, and Reunion having an ITS-1 amplicon of 1,100 bp. They suggested that the Malawian biotype may represent a bridge between Kenyan and South African biotypes.
The developmental rate of insects and other poikilothermic invertebrates is linearly dependent on temperature from the base temperature or lower developmental threshold (T min ) to the optimum temperature (T opt ). This is because temperature affects many physiological processes and the activity of enzymes (Trudgill et al. 2005 ). Higher base temperatures indicate adaptation to warmer climates that is usually accompanied by shorter physiological developmental times or lower thermal constants (measured in degree-days) compared with species adapted to cooler climates (Honek 1996 , Trudgill et al. 2005 . Duyck and Quilici (2002) studied the development of C. rosa from Reunion at different constant temperatures and found that the larval minimum developmental threshold was 3.1ЊC compared with 10.2ЊC for C. capitata. This low developmental threshold for C. rosa is surprising considering the geographical distribution and seasonal abundance of C. rosa in southern Africa mentioned above. Perhaps the geographic isolation of the C. rosa population in Reunion has resulted in further divergence from the South African biotype.
Because of the economic importance of the above Ceratitis spp. in southern Africa, possible C. rosa biotype differences, the lack of knowledge of C. cosyra, and the need to know more about developmental rates and thresholds, we conducted the following studies evaluating temperature-dependent development of these three species using cultures originating from South Africa.
Materials and Methods

Fruit Fly Cultures and Experimental Conditions
This research was conducted between 18 July 2005 and 19 April 2006. The fruit ßies used were from mother cultures reared at Citrus Research International in Nelspruit, Mpumalanga Province, South Africa, that had been initiated in 1998. The C. capitata culture was started with ßies collected in Western Cape Province, South Africa, from deciduous fruit. The C. cosyra culture was initiated with ßies reared from marula and mango fruit collected in the vicinity of Nelspruit, and the C. rosa culture was started with ßies reared from mango and guava collected in the vicinity of Nelspruit. Additional wild ßies from Mpumalanga Province have been periodically added since starting the cultures to broaden the gene pool of each species. Adult C. capitata and C. cosyra are allowed to eclose and oviposit in closed, temperature-controlled rooms at 26ЊC with continuous artiÞcial ßuorescent light (Cool White 40 W tubes, Osram Sylvania, Danvers, MA). C. rosa pupae were moved to an outdoor, screened rearing room subject to ambient temperature and light because of the adultÕs requirement for crepuscular conditions. All three species were reared in the laboratory at 23ЊC between egg and pupal formation. Eggs of C. capitata in the mother culture were collected in bowls of water placed below rearing cages because the adults oviposit through the gauze screens of the cages. Eggs from both C. cosyra and C. rosa were collected in plastic honey jars, either lid-side down on the gauze top of the cage or suspended inside the cage, respectively. These jars have perforated plastic lids and contained moist paper towel to maintain high relative humidity. Larvae of C. capitata were reared on a diet similar to that described by Barnes (1979) but without Nipagin or acetone. Larvae of the other two species were reared on a diet similar to that described by É tienne (1973) for young larvae but without the use of potato.
All research was conducted in a Conviron CMP3023 environmental chamber (Controlled Environments, Manitoba, Canada), the window of which was oriented so that the chamber would receive natural light and artiÞcial light. Fluorescent daylight-type lights were on from 0500 to 1700 hours in the winter and from 0600 to 1800 hours in the summer. This allowed the ßies to experience natural dusk conditions after the artiÞcial lights were turned off. Temperatures were maintained at 14, 18, 22, 26, and 30ЊC and relative humidity was kept Ͼ60% using a humidiÞer connected to a hygrostat and an external water container. A Grant Squirrel data logger (model SQ1025; Grant Instruments, Cambridge, UK) was used to record temperature every hour for the duration of each trial using three probes. One probe was used to determine the mean temperature, and the other two probes collected wet and dry readings to calculate the relative humidity.
Development and Survival
Rearing Technique. Three ventilated, transparent, plastic cake boxes (30 by 30 by 14 cm; length by width by height) were used to provide three replicates per life stage for each species. All gauze screens had 250-m apertures in the mesh. The boxes used for C. cosyra and C. rosa had screens (16.5 by 7.2 cm) on each side and a 21 by 21-cm screen in the lid. The boxes used for C. capitata had a single, circular screen (20 cm diameter) on the lid to facilitate egg collection. The numbers of individuals used per replicate varied with life stage: 300 eggs, 100 larvae, resultant numbers of pupae, and whatever number of female adult ßies eclosed within the Þrst 3 d after eclosion started, plus an equal number of males. Individuals used for any particular life stage were taken from the production peak of the previous life stage. Parallel cultures were maintained to supplement the numbers at the beginning of each life stage where poor survival was expected (i.e., pupae and male adults at extreme temperatures).
Egg Development. Eggs were collected from the mother cultures over a 2-h period. For C. capitata, a bowl of clean water was placed below each ßy cage for this period. For C. cosyra, plastic honey jars (diameter, 65.4 mm; height, 128.2 mm) with small holes punched into the lids were used to collect eggs. The jars were rinsed internally with water just before placement to create a moist Þlm inside the lid. For C. rosa, apples (Malus domestica Borkh; cultivar Granny Smith) that had been pricked six times with a row of eight pins (0.8 mm diameter and 2.5 mm apart), were used as an oviposition substrate. After being exposed to the ßies, the apples were cut close to the holes and the eggs were washed out with water. This method, although labor intensive, gave a higher egg yield than perfo-rated honey jar lids. A trial run was conducted before each temperature series was started to ensure that the egg-hatching peak would occur between 0600 and 1800 hours on the day of hatching. For each replicate, 300 eggs were transferred onto moist Þlter paper in a petri dish (6 cm diameter) using a Pasteur pipette. The Þlter paper had been previously sprayed with distilled water containing red food colorant to improve the visibility of the eggs and was placed on a thin layer of sponge that had been saturated with distilled water. Filter papers were checked daily and moistened with distilled water if required. Experiments with each species were started 2 h apart to allow time for egg collection and transfer into the environmental chamber. The start time was taken as the time when the eggs were removed from the mother cultures. Eggs were observed every 2 h under a stereomicroscope to determine the developmental time and percentage hatch. The mean developmental time of the eggs for each replicate was determined by adding the products of the duration in days and the eggs hatched at each count and then dividing this sum by the total number of eggs hatched.
Larval Development. Larvae that eclosed during the hatching peak (usually Ͻ48 h) were used for the larval development studies. The required numbers of larvae were transferred to a 1-cm square of Þlter paper that was placed onto artiÞcial diet in a petri dish (9 cm diameter). The larvae readily moved to the food provided. When the larvae were in the third instar, the petri dishes were moved to smaller boxes containing a layer of Þne sand on the bottom. Observations were made three times a day to determine the end of the larval stage, which was deÞned by larvae jumping out of the petri dish into the sand. The start of the larval stage for each species was deÞned as the time when some eggs had hatched in all three replicates. The mean duration of the larval stage per replicate was determined by adding the products of the duration in days and the number of larvae jumping at each count and then dividing this sum by the total number of larvae that jumped. The percentage of larvae surviving from hatch to jump was determined for each replicate.
Pupal Development. Pupae were sieved out of the sand three times a day, and each batch of pupae was kept in a small petri dish (3.5 cm diameter). Pupae were counted under a stereomicroscope to determine the numbers that had formed. Pupae produced after the peak production period, when numbers of pupae had dwindled to one or two per observation, were removed and not included in further evaluations because it would have resulted in too much variation in the start time for the pupal development period. The rest of the pupae were returned to the larger containers and observed three times a day for adult eclosion. In the 14 and 30ЊC treatments, some supplementary pupae were used to make numbers up to 100 per replicate because of low survival rates. Larvae were reared at 20ЊC for the experiment run at 14ЊC and 26ЊC for the experiment run at 30ЊC to provide these supplementary pupae. The start time for pupal development was taken as the time when larvae had jumped in all three replicates of a species. The mean duration of the pupal stage for each replicate was determined by adding the products of the duration in days and the number of adults eclosing at each count and then dividing this sum by the total number of adults that eclosed. The percentage surviving to adults was also determined for each replicate.
Adult Eclosion to Oviposition. The sex of adults of each species was determined directly after the peak of ßy eclosion: 48, 72, and 96 h after the Þrst ßy eclosed for C. capitata, C. cosyra, and C. rosa, respectively. Sex determination of C. capitata was based on the spatulate orbital setae found on the males. Thick, dark setae or feathering on the mid-tibia of the male were used to separate the sexes of C. rosa. Sexes of C. cosyra were distinguished by the ovipositor on the females. When the insects in each replicate were sexed, all female ßies and an equal number of males were kept to obtain a 1:1 sex ratio. Extra males were discarded. If male numbers were inadequate, supplementary male ßies were added as for the pupae. A mixture of sugar and yeast, an important source of protein for egg production, in a 7:1 ratio was used to feed the ßies, and this was replaced daily. Small specimen containers (43 mm diameter by 59 mm high) were used to provide distilled water to the ßies. A hole was burnt into the lid of the container through which a dental roll was inserted to serve as a wick in the water.
Eggs were collected from the rearing boxes using methods similar to those used to collect eggs from the mother culture. For C. cosyra, the honey jars were placed lid-side down on the mesh of the rearing box lid, and for C. rosa, punctured apples were provided within the rearing boxes. For C. capitata, the box was turned on its side with the screened lid in a vertical position, and a bowl of water was placed below the mesh screen to collect eggs laid through the screen. Oviposition was monitored twice daily, and the time taken from the Þrst adult eclosion in all replicates to the Þrst egg production in all replicates was recorded. The total number of eggs produced over a ßyÕs lifespan was not determined because of this being extremely labor intensive.
Statistics
The mean developmental duration in days per replicate for each life stage, species, and temperature were calculated as described above. The developmental durations of each species were compared at each temperature in a two-way analysis of variance (ANOVA). The percentage survival or emergence of each life stage at each temperature was also compared between species using a two-way ANOVA, after using the arcsine-square-root transformation to normalize the data. In both analyses, means were further compared using Student-Newman-KeulÕs test (Steel and Torrie 1980) at ␣ ϭ 0.05. All analyses were conducted with Statgraphics Plus 5.1 (2000).
Determining Thermal Requirements
To determine the base temperature and the thermal constant for each Ceratitis species, the following linear regression model was used:
where d is the developmental time (days), T is the rearing temperature (ЊC), a is the developmental rate at T ϭ 0ЊC, and b is the slope of the regression line. The lower developmental threshold was calculated from T min ϭ Ϫa/b, and the thermal constant K from K ϭ 1/b (Campbell et al. 1974) . Only data from the temperatures 14 Ð26ЊC were used in these calculations because it was clear that 30ЊC was above the optimal temperature in most instances (Fig. 1 ) and the developmental rate was no longer linearly dependent on temperature (Kontodimas et al. 2004) . Simple linear regressions were based on the mean temperature recorded in the environmental chamber and the inverse of the mean duration in days for three replicates at any particular life stage.
To estimate the optimum temperature T opt and the maximum or lethal temperature T max , three nonlinear models were used. Nonlinear regressions were performed using Statgraphics Plus 5.1 (2000) making use of the Marquardt algorithm (Marquardt 1963) . Initial parameter estimates were obtained from previously published research on other arthropods (Lactin et al. 1995 , Sanchez-Ramos and Castanera 2001 , Kontodimas et al. 2004 , Arbab et al. 2006 .
The Logan-6 model (equation 6 of Logan et al. 1976 ) was used because of its popularity and the biological signiÞcance of its parameters. It is deÞned as follows:
where ⌿ is the maximum developmental rate, is the biochemical reaction rate at the optimum temperature, T is the rearing temperature (ЊC), T max is the lethal maximum temperature, and ⌬T is the difference between the optimum temperature and T max . The optimum temperature was determined using the following equation simpliÞed from Logan et al. (1976) :
The Lactin model (modiÞcation 2 of Lactin et al. 1995 ) is a modiÞed version of the Logan 6 model and was chosen because it allows for a graphical estimate of T min . It is deÞned as follows:
where is a parameter that forces the curve to cross the abscissa at suboptimal temperatures and thus allows estimation of T min . The other parameters are deÞned, and T opt can be determined, as for the Logan 6 model. The Brié re model (equation 1 of Brié re et al. 1999) was chosen for its simplicity and because it provided all three developmental thresholds. In the following equation, a, is an empirical constant and the other parameters are as deÞned above:
The following equation from Brié re et al. (1999) was used to calculate the optimum temperature:
The mean values for T min , T opt , and T max were determined for each life stage of each species using the results generated by the developmental rate models. Unrealistic values were excluded.
Results
Experimental Conditions
Mean temperatures over the duration of each experiment were 13.96, 17.65, 21.76, 26.45, and 29.83ЊC, and these were used in the developmental models for 14, 18, 22, 26, and 30ЊC, respectively. The mean relative humidities at these temperatures were 89, 84, 74, 74, and 86%, respectively, with the extremes being 62 and 100%.
Development and Survival
The shortest egg-to-egg life cycle times were obtained at 26ЊC, where C. capitata had a signiÞcantly shorter (P Ͻ 0.05) life cycle in days than C. cosyra, which in turn had a signiÞcantly shorter life cycle than C. rosa (Table 1) . At this temperature, similar trends in signiÞcant differences between the species occurred in pupal development and in the time taken for adults to oviposit. However, there were no signiÞcant differences between species in larval development at this temperature. The duration of the egg and larval stages varied between species at different temperatures and, although there were signiÞcant differences, there were no obvious trends across temperatures. No signiÞcant differences were found between species when pupal developmental times were compared at 14 and 18ЊC, but at 22ЊC, the pupal developmental time for C. capitata was signiÞcantly shorter than that of C. cosyra, and at 30ЊC, all three species were signiÞcantly Fig. 1 . Egg-to-egg developmental rates of three Ceratitis species at Þve constant temperatures to show the approximate straight-line relationship until the optimum temperature is exceeded (see Table 1 for developmental duration SD values).
different from one another in the same order as found at 26ЊC. The adult-to-egg developmental times (times to Þrst oviposition) for C. cosyra at 14 and 18ЊC were based only on one replicate so were not included in the analyses. At 22 and 26ЊC, the mean time to Þrst oviposition for C. cosyra was signiÞcantly longer than for C. capitata. At four of the Þve temperatures, the mean adult-to-egg developmental time for C. rosa was signiÞcantly longer than for C. capitata, and this trend was repeated when the durations of the complete life cycle were compared (Table 1) .
There were few signiÞcant differences (P Ͻ 0.05) in survival of the various life stages ( Table 2 ). The poorest percentage of egg hatch was for C. rosa at 30ЊC. A very low percentage of C. cosyra and C. rosa larvae managed to pupate at 14ЊC, and signiÞcantly less (P Ͻ 0.05) C. cosyra pupated at 30ЊC. These were the only cases where supplemental pupae were required. The percentages of adults eclosing from pupae were Ͼ85% for all species at all temperatures except at 30ЊC, when some adults of C. cosyra and C. rosa appeared to die from exhaustion while trying to emerge from the pupal case. C. capitata had the highest survival rates of the three species at 30ЊC (Table 2) .
Thermal Requirements
The developmental rate at the different temperatures tested was linear until 26ЊC for all species, but the rates slowed dramatically for C. capitata and C. rosa at 30ЊC (Fig. 1) . The data generally Þtted all of the models well with the only adjusted R 2 value of Ͻ90% being obtained for the Þt of the Logan 6 model to C. cosyra eggs (Table 3) . Because of the poor performance of C. cosyra at the two extreme temperatures, fewer values were available for the calculation of mean parameter values than for the other two species. Overall, the values for T min generated by the Lactin model were closer to those obtained from the simple regression model than those generated by the Brié re model, which in most cases were lower than those given by the straight line (Table 3) . However, the T max values from the Brié re model tended to be slightly higher than those generated by the other two nonlinear models. The T opt values generated by all three nonlinear models were usually within 1ЊC of each other.
The mean egg-to-egg values for the minimum, optimum, and maximum developmental thresholds of C. capitata and C. cosyra were surprisingly similar at 9.6, Means for the same developmental stage and in the same column followed by the same letter are not signiÞcantly different (P Ͼ 0.05; Student-Newman-KeulÕs test).
Ñ, result of a single replicate so SD could not be calculated and data were not included in the ANOVA. Means for the same event and in the same column followed by the same letter are not signiÞcantly different (P Ͼ 0.05; Student-NewmanKeulÕs test).
28.5, and 33.0 and 9.7, 28.8, and 33.2, respectively (Table 3 ). The mean T max for egg-to-egg development of C. rosa (33.0) was virtually the same as for the other two species, but the mean values for T min and T opt for this species (8.6 and 27.7, respectively) were approximately 1ЊC lower. Considering all species, there was a trend for the difference between T min and T max to be smallest for the larval stage and greatest for the egg stage.
The egg-to-egg thermal constants for C. capitata, C. cosyra, and C. rosa were 337.8, 375.9, and 429.2, respectively. The combined thermal constants for the egg and larval stages of these species were very similar at 128.3, 129.7, and 123.8, respectively . The differences in developmental rates between the species were therefore largely caused by differences in the thermal requirements for pupal development and oviposition.
Discussion
The developmental rate models used all seemed to Þt the data reasonably well with the exception of some C. cosyra parameters because of a poorer dataset. Several researchers have recommended the use of combinations of the linear regression model for estimating the lower developmental minimum and the thermal constant and one or more nonlinear models for estimating the other parameters: Chen et al. (2006) (linear and Lactin) , Chong and Oetting (2006) (linear and Logan 6), and Roy et al. (2002) (linear, Brié re, and Lactin) . All three nonlinear models were very similar in their ability to produce realistic parameters (Table  3 ). The Logan 6 model Þtted the data most frequently, but this model has the drawback of not providing a lower developmental threshold.
The statistical analyses of the developmental times (Table 1 ) and the mean parameters generated by the developmental rate models ( Table 3 ) each indicate that C. capitata is more similar to C. cosyra than it is to C. rosa. In our study, the egg-to-egg thermal constant for C. cosyra was slightly greater than that for C. capitata (376 versus 338) but close enough to support a tropical origin for both these species (Trudgill et al. 2005) . The thermal constant obtained in this study for the total development of the immature stages of C. capitata was 284, which is similar to the 260 obtained by Duyck and Quilici (2002) for a Reunion population of this species. However, our thermal constant value for the total development of the immature stages of C. rosa was 314, which differed markedly from the value of Duyck and Quilici (2002) of 405 for C. rosa in Reunion. Our egg-to-egg thermal constant for C. rosa was 429, and the egg-to-egg T min value was 8.6ЊC, which was 1ЊC lower than the T min value we obtained for C. capitata. This supports a more subtropical or coastal origin for C. rosa, so the name of Natal fruit ßy may be very appropriate because this refers to a coastal region of South Africa. Our T min value for larval development of C. rosa was 10.9ЊC compared with the value of Duyck and Quilici (2002) of 3.1ЊC for the same life stage, whereas our T min value for larval development of C. capitata was 10.5ЊC, and the value of Duyck and Quilici (2002) was 10.2ЊC. It therefore seems that the populations of C. capitata in South Africa and Reunion can be considered to belong to the same biotype or strain (Douglas and Haymer 2001) but that the C. rosa populations represent different biotypes. This is further supported by Tate and Ware (2003) , who showed that South African C. rosa larvae experience 100% mortality when held in oranges at 3ЊC for 7 d. Douglas and Haymer (2001) and Barr et al. (2006) have indicated that there are molecular differences between biotypes of C. rosa in Africa so perhaps the Reunion biotype originated from somewhere other than South Africa, and a genetic bottleneck has resulted in further diversiÞcation with time and adaptation to colder temperatures. De Meyer et al. (2006) have made some predictions for C. rosa geographical distribution and suspect it to be more tolerant to colder conditions than C. capitata. Furthermore, they suggest that C. rosa could probably survive in areas at higher northern latitudes that are unsuitable for C. capitata. However, De Meyer et al. (2006) referred to the developmental data of Duyck and Quilici (2002) for C. rosa from Reunion, and their collection records included various biotypes. Their predictions for the possible distribution of C. rosa may be partly applicable to C. rosa from Reunion if other nonclimatic parameter values are not important. However, their predictions contrast markedly with the known distribution of C. rosa in South Africa because it is seldom found in the colder, southern-most provinces where C. capitata is more abundant. C. capitata is also found throughout South Africa, whereas C. rosa is most abundant in the wetter, coastal, or low altitude regions and the subtropics. Considering the developmental thresholds obtained for the immature life stages of the three species in South Africa, the ability of the eggs of all species to withstand more extreme temperatures than the larvae is understandable because the eggs will normally be close to the skin of the fruit and subjected to more extreme temperatures. Larvae have the ability to move further into the fruit where they are not subjected to such temperature extremes.
We did not study the inßuence of relative humidity or vapor pressure deÞcit on development, and this may be important in determining the differences in distribution of C. capitata and C. cosyra in South Africa, because the developmental thresholds of these species are very similar. The availability of favored host plant species may also inßuence distribution. This Þnding and the experience with C. rosa discussed above therefore caution against basing predictions of potential global distributions of species on methods that assign high weighting to speciÞc life table or climatic parameter values without information on a speciesÕ colonization abilities or competitive Þtness. For example, the short time required between adult eclosion and oviposition in C. capitata (3.4 d at 26ЊC) relative to C. cosyra (5.1 d at 26ЊC) and C. rosa (6.6 d at 26ЊC) would be advantageous in conditions detrimental to the adult such as low relative humidity, wind, or exposure to toxic baits or predators. This may help to explain why C. capitata is the most widespread of the three Ceratitis species in southern Africa.
